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Abstract- The magnetic field and current of a coil wound with 
a cable-in-conduit conductor causes a transverse force pushing 
the cable to one side of the conduit. This load causes elastic and 
plastic deformation with friction as well as heating due to 
friction. A special cryogenic press has been built to study the 
mechanical and electrical properties of full-size ITER conductors 
under transverse mechanical loading. The cryogenic press can 
transmit at 4.2 K cyclic forces of 650 kN/m to conductor sections 
of 400 mm length representative of the peak load on a 5OkA 
conductor at 13 T. In order to transmit the force directly onto 
the cable, the conduit is opened partly to allow the cable 
deformation. The force acting on the cable as well as the 
displacement are monitored simultaneously in order to 
determine the mechanical heat generation due to friction. The 
mechanical loss under load is investigated for the Nb$n, 45 kA, 
10 and 13 T, Central Solenoid Model Coil Conductors (CSMC). 
The mechanical heat generation is determined from the 
hysteresis in the measured curves of displacement versus applied 
force. The first results of the effect of some 40 loading cycles are 
presented and the two conductors are compared. A significant 
decrease of the cable mechanical heat generation after loading 
cycles is observed. 
I. INTRODUCTION 
Transverse loading of the ITER conductors due to Lorentz 
forces is the cause of mechanical effects and variations in the 
transverse electrical resistivity and contact patterns in the 
cable. A distinction can be made between electromagnetic 
and mechanical AC losses in a conductor. The 
electromagnetic loss is directly caused by a change of 
transport current or applied magnetic field. 
Mechanical deformation of the conductors in coils has 
different origins: e.g. gravity, pre-loading, thermal contraction 
and expansion, Lorentz forces, plasma disruptions, and 
magnet quench. Heating due to mechanical reasons is mainly 
frictional heating indirectly caused by Lorentz forces on the 
strand bundle. 
In a CIC conductor, there are a large number of strand 
crossover points, which undergo microscopic movement and 
deformation as the cable flexes under the direct Lorentz 
forces on the strands as well as by strain imposed by the 
overall magnet operating stresses. 
Previous work performed at the University of Twente 
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addressed experimentally the dependence of the cable 
interstrand contact resistance and coupling loss in sub-size 
cables on cabling parameters such as void fraction, Cr layer 
thickness and vendor, type of cabling and cabling stage [ 1-41. 
The influence of a transverse (cyclic) force on the AC loss of 
full-size ITER conductors has not yet been studied in any 
detail. Therefore a special cryogenic press has been built. 
The aim of this study is to measure the mechanical 
(deformation, elastic module, frictional heating) and electrical 
(transverse inter-strand and -stage R, and nz) properties of 
full-size ITER-CS cable samples under transverse, 
mechanical loading. The conductor has been subjected to 
fatigue tests i.e. loading the conductor from zero up to 
260 kN for a large number of cycles, in order to examine the 
evolution of nz and R, under realistic ITER lifetime 
conditions. The force-displacement measurements provide 
information on frictional heating effects and effective E- 
modulus. The results of the mechanical measurements are 
presented and discussed in this paper and the electromagnetic 
losses and interstrand contact resistances are reported in [5,6]. 
For measurement of the mechanical loss, the cable is 
subjected to loading cycles and the hysteresis loop is 
established as a function of the load. The total mechanical 
loss dissipated in one complete loading cycle is described by: 
Q, = $ F ; ~ Y  [Jkycle], (1) 
in which Fy is the transversal force and dy is the transversal 
displacement. Previous experiments showed that the absolute 
value of the mechanical heating is low compared to AC losses 
in such cables [7,8,9]. Since the layout of the full-size . 
conductors has changed as compared to those earlier 
experiments, it is desirable to confirm the conclusions. 
11. THE CRYOGENIC PRESS 
The cryogenic press consists of a mechanical and an 
electrical part. A variable transversal force of at least 260 kN 
(Fm=800kN) can be transmitted to a cable length of 400 
mm (last stage pitch) in liquid helium at 4.2 K. The 
mechanical part consists of a press, using the principle of a 
lever mechanism and a wedge. A side-view of the composite 
is shown in Figure 1. The press is mounted under a flange 
fitting into a cryostat with a diameter of 500 mm. The wedge 
is driven by a worm wheel, connected by a steel tube to the 
top of the flange. Turning the worm wheel presses down the 
wedge and the lever transmits the force Fy to the cable. 
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Figure 1 .  Schematic sketch of the cryogenic press principle 
The displacement of the upper part of the jacket with 
respect to the lower part (compression) during loading is 
measured in the cold part by a set-up of strain gauges at six 
positions on the conductor jacket halves. The force (F,) 
acting on the cable is measured by a set of strain gauges, 
mounted on both sides of the stamp. The force on the sample 
is continuously adjustable from outside the cryostat. 
The jacket is cut along its length, with a space of 4 mm 
between both halves. The cable is then compressed 
homogeneously to a lower void fraction. The CS 1.lB-EU and 
CS2-US conductor, taken from the prototype CS model coil 
production, are prepared for measurements in the press. The 
main parameters of the specimen provided by the NET team 
are gathered in [lo]. The details of the press, the sample 
preparation and its instrumentation are reported in [ 111. 
111. STRESS ANALYSIS 
If the maximum transversal magnetic forces are taken into 
account for ITE:R, then the peak force on one side of the cable 
is F=650 kN/m ( k 5 0  kA, B=13 T, and 1=0.4 m). In practice 
however the cable is also subjected to longitudinal strain. 
Although this can not be simulated in this test set up, it is 
desirable to have the possibility of exceeding the 650 kN/m. 
The stress inside the cable is calculated for two different 
configurations. Firstly for the case of the cable in the 
cryogenic press and secondly for the real Lorentz force 
distribution in the ITER magnet. The calculation is carried 
out by using FEM with a computer code called ELCUT@. 
This program cannot handle friction and therefore the internal 
cooling tube and the jacket are connected to the cable. In the 
case of the press the force is homogeneously applied to the 
jacket of the conductor. 
The cable petals are connected together and on their turn 
again to the jacket. All materials are isotropic, the elastic 
modulus E of the cable amounts to 0.3 GPa and for the jacket 
material E=200 GPa. 
In the case of the press the stress in the cable is presented 
in Figure 2. Only a quarter segment of the conductor is shown 
due to the symmetry about two axis. One jacket halve is fixed 
and the other one experiences a homogeneous force of 
650kN/m. Then most of the conductor area experiences a 
stress a, between 13 and 16MPa. However, the maximum 
stress in the conductor is above 20MPa. The maximum 
appears at two positions symmetrical about the y-axis, on the 
x-axis at the outer side of the conductor. The average stress 
for this press arrangement is approximately 14 m a .  
The stress inside the cable for the magnet case is depicted 
in Figure 3. In this case there is only symmetry about the y- 
axis. The maximum stress of 15 MPa occurs only at one side 
of the cable, on the y-axis. At the opposite side of the 
conductor the stress decreases significantly. The average 
stress inside the cable for the magnet case amounts to 7 MPa. 
As a result it appears that the average stress inside the 
conductor in the real magnet case is approximately 1/2 of the 
peak Lorentz stress. This means that the peak force of 
650 kN/m as applied in the press is in fact too high. In order 
to have a representative force with respect to the interstrand 
resistance and coupling loss it is suggested to take a peak load 
of 400 kNlm in the cryogenic press. 
Notice that the applied field direction differs for the press 
case (&=dipole field) with respect to the real magnet case 
(&=actual background field causing the transversal load). 
This will affect the current distribution in the cable as the 
interstrand contact resistance depends on the contact pressure 
between the strands [6]. 
Y 
Figure 2. Th; vertical stress in the cable [xlO MPa], calculated by a 2-D 
model of the ’press’ case using a surface force of 650 kN/m on the jacket 
(arrows). 
Figure 3. The vertical stress in the cable [xlO MPa], calculated by a 2-D 
model of the ‘magnet’ case using a volume force inside the cable, simulating 
the Lorentz force due to a magnetic field of 13 T and a transport current of 
50 kA. 
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Iv. MECHANICAL PROPERTIES OF THE CONDUCTORS 
Mechanical loss per meter cable [J/m] 
versus cycle number for peak 
loads up to 400 kFUm and 650 kFUm 5 1 5 0  The curves of the transversal displacement or compression (6) 
of the cable as a function of the applied force (F) are 
presented in Figure 4 for the (31.1 type of conductor and in 
Figure 5 and Figure 6 for the CS2 type. The arrows show the 
direction of the loop. It is shown that after 38 full cycles from 
zero to 650 kN/m the behaviour is still not completely 
reproducible though a certain saturation is developing. The 
first few cycles do not go up to 650kN/m. The total 
mechanical heat production during one cycle as presented in 
Figure 7 decreases with the number of load cycles. The loss 
for a full cycle from zero to 650 kN/m amounts to 28 J/m 
after 38 cycles (47 rnJ/cm3 related to the volume of the 
strands) for the CS 1.1 conductor. For the CS2 conductor the 
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Figure 4. Displacement versus applied force from the virgin state to cycle no. 
38 for the CS1 .I conductor from zero up to 650 kN/m. 
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Figure 5 .  Displacement versus applied force from the virgin state to cycle no. 
12 for the CS2-US conductor from zero up to 400 kN/m and from cycle 14 
to 38 up to 650 kN/m. 
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Figure 6 .  Displacement versus applied force for two cycles for the CS2-US 
conductor up to 400 kN/m. 
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Figure 7. The grey bars represent the loss per cycle for the CSl.1 all cycles 
from 0-650 kN/m. The CS2 data are given by the black bars (cycles from 0- 
400 kN/m) and the black-and-white bars (0-650 kN/m) 
loss amounts to 24 J/m per cycle (43 rnJ/cm3, strand volume). 
The coupling loss for a partial cycle from only AB=13- 
12 T=l T, dB/dt=l T/s corresponds to the plasma breakdown 
phase of the ITER CS operating scenario [12]. Assuming 
nz=30 ms then the total coupling loss amounts to 50 mJlcm3. 
The mechanical loss for the partial cycles as presented in 
Figure 6 can be considered as a field cycle from 9.3-13 T 
(cycle 13a) and 11.7-13 T (cycle 13b). The mechanical loss is 
respectively 0.45 mJ/cm3 and 0.14 d / c m 3  and is by far lower 
then the total coupling loss production during such a cycle. 
The overall elastic modulus in transversal direction Ey can 
be written as Ey=D.F/(Ay.dy) where D is the cable diameter 
and A, is the average cable cross section. The overall elastic 
modulus versus the applied force is presented in Figure 8 for 
both types of conductor. The Ey of the CS1.l type of 
conductor has a level of nearly 0.4 GPa at a load of 
650 kN/m. Ey of the CS2 conductor amounts to 0.5 GPa at 
650 kN/m. During the first 12 loading cycles of the CS2 
conductor the elastic modulus also reaches a level of 0.5 GPa. 
For the stiffness of the cable at a certain level of stress (and 
strain) we can define the dynamic elastic modulus as: 
do,/&,,=D/A.dF,/ddy, where oy is the transversal stress and ~y 
is the transversal strain. In Figure 9 it is shown that the 
do/&,, of the CS1.l conductor stays below a level of 10 GPa 
up to a load of 400kN/m and then seems to increase 
gradually up to the modulus of 'Nb3Sn strand material 
(E=lOOGPa). The ao/d~y of the CS2 conductor seems to 
have reached a constant level of -10 GPa above a load of 
approximately 400 kN/m as depicted in Figure 10. 
Elastic moddus, Ey, for 
cycle no.: N, versus applied 
loads w to 400 and 650 kFUm 
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Figure 8. The overall elastic modulus Ey=D.Fy/(AydY), for the CS1.l and 
CS2 type of conductor. 
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From the initial cycles in Figure 4 it can be deduced that 
the initial Young’s modulus of the CS1.l cable is much lower 
than of the CS2 conductor. The maximum transversal 
displacement (dx) amounts to 2 mm for the CS2 cable and is 
2.7 mm for the CS1.l conductor. The initial slope of the 
virgin curve of the CS 1.1 (increasing load) gives a Young’s 
modulus of 0.12 GPa up to a load of 75 kN/m. It is suggested 
that this low value for the Young’s modulus is caused by the 
oversized dimensions of the jacket around the cable in this 
sample. The measured inner diameter of the jacket from the 
CS 1.1B conductor is 40.9 mm which is substantially higher 
than the design value of 38.6 mm. In fact the inner diameter 
of the jacket is 2.3 mm over sized [10,11]. 
The strands contain a large fraction of copper that after 
cool-down is in the plastic deformation regime due to 
differential contraction with the Nb3Sn filaments. Work 
hardening with repeated load cycles is also responsible for 
some of the changes in the first few cycles. 
During the first two loading cycles of the CS2 conductor 
the elastic modulus seems to be relatively high. It is suggested 
that this effect is caused by the presence of a thin slice of 
jacket material which was left after cutting the jacket into two 
halves. Already during the first cycle this thin slice 
connecting both jacket halves starts breaking and buckling. 
After the first few cycles this effect has disappeared. 
The stiffness of the round ITER CSMC conductors is 10 
times less then of the rectangular NET conductors [8] under 
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Figure 9. The dynamic elastic modulus: da,/dq=D/A.dF,/c%ly, for the CSl.1 
type of conductor. 
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Figure 10. The dynamic elastic modulus: da,/d&y=D/AdF,/&y, for the CS2 
type of conductor. 
the same load. The friction loss of the NET cables appears to 
be a factor of 5 less. The loss in the ITER cables is probably 
higher due to the presence of the central cooling tube, despite 
the lower void fraction in the ITER conductor. 
VI. CONCLUSIONS 
The stress distribution differs for the press case with 
respect to the real magnet case but nevertheless important 
conclusions can be drawn. 
The maximum stress of 15 MPa inside the cable in the 
conduit of a magnet at 13 T and 50 kA occurs only at one 
side. In the press, at 650 kN/m the stress is nearly uniform at 
7 MPa. 
The different stress distribution will affect the current and 
coupling loss distribution in the cable. 
The mechanical heat production after 38 cycles is less then 
30 mJ/m per full cycle and may even further decline after a 
larger number of cycles. 
The total mechanical heat production is by far smaller than 
the electromagnetic loss. 
The smeared Young’s modulus of the conductors is less 
than 0.4 GPa at the full magnet Lorentz load (400 kN/m). 
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